Objectives-Patients with traumatic vertebral fractures often have major associated postoperative morbidities such as healing failure and kyphosis. Low-intensity pulsed ultrasound (US) has been found to promote bone fracture healing. The objectives of our study were to determine whether low-intensity pulsed US could promote traumatic vertebral fracture healing and to explore its inner mechanisms.
T raumatic vertebral fractures are usually severe emergent spinal injuries that can result in persistent pain, spinal deformity, paralysis, and even death. 1 Annually, nearly 160,000 patients have traumatic vertebral fractures in the United States, 2 and the incidence rate is increasing with the popularity of automobiles. 3 Thoracolumbar fractures are the most common type of vertebral fractures, accounting for more than 90% of all vertebral fractures. 1 Conservative treatments or surgery and commonly accepted procedures for vertebral fractures. 4, 5 However, these treatment strategies are associated with major postoperative morbidities, such as postoperative embolism, pneumonia, healing failure, kyphosis, and infection. [6] [7] [8] The most severe postoperative complication of vertebral fracture is healing failure, leading to thoracolumbar kyphosis and spinal cord injury, which require revision surgery. Recently, the potential therapeutic applications of low-intensity pulsed ultrasound (US) have been reported in clinical trials as a noninvasive adjuvant treatment modality in fracture healing. 9, 10 Evidence suggests that low-intensity pulsed US is effective in treating bone fractures and delayed bone nonunions, 10, 11 repairing tendons and ligaments, and improving spinal fusion. Moreover, low-intensity pulsed US has a potent effect on limb fractures, with increased chondrocyte and osteoblast production as well as accelerated callus formation. The vertebra, however, is different from the long bone because of its specific cancellous bone and mechanical characteristics. Whether low-intensity pulsed US could promote vertebral fracture healing remains unknown.
Angiogenesis is essential for bone homeostasis and repair. Kusumbe et al 12 discovered a specific colony of endothelial cells, the CD31 hi , endomucin (Emcn) hi endothelial subpopulation (type H endothelial cells), which resides in bone tissue, orchestrating osteogenesis and the bone microenvironment. 12 Although type H endothelial cells account for less than 2% of endothelial cells, most osteoprogenitor cells (70% osterix-positive cells and 82% runt-related transcription factor 2-positive cells) are selectively positioned around type H microvessels, suggesting that there is crosstalk between osteogenesis and angiogenesis. Studies have found that low-intensity pulsed US might increase blood flow or promote angiogenesis in the fracture-healing area, thus accelerating the healing process. 13, 14 This study aimed to determine whether low-intensity pulsed US promotes traumatic vertebral fracture healing and whether this process couples the proliferation of type H microvessels.
Materials and Methods

Animals
This experiment was approved by the Ethical Committee of the Second Military Medical University. All animals were handled in strict accordance with the Good Animal Practice Requirements of the Animal Ethics Procedures and Guidelines of the People's Republic of China. A total of 10 male Sprague Dawley rats (mean age, 11 6 0.5 weeks; and mean weight, 310 6 12.5 g) were used for this study. All animals were allowed to adapt to the new living environment for 1 week in the laboratory before the experiment. Each cage housed 2 rats at 24 8C with ad libitum access to food and water.
Traumatic Vertebral Fracture Model and Surgical Procedure After general anesthesia that was induced and maintained with 0.5% isoflurane and oxygen using a coaxial nose cone, the rats were secured onto the operating table. After preparation with a povidone-iodine solution and shaving of the surgical site, a posterolateral incision was made over the lumbar spine. The standard transverse process of the L5 vertebra was exposed by bluntly separating the back muscles, referencing the iliac crest. After the prevertebral fascia was bluntly stripped with a periosteal elevator and the other side of the L5 vertebra was reached, a small bone rongeur was used to clamp the transverse process of the L5 vertebra transversely. A small bone rongeur was clamped onto the transverse process of the vertebra and limited to the vertebral posterior margin. The bone rongeur was gradually strengthened until a visible compression fracture was created. A gelatin sponge filled the operation site to stop the bleeding. The fascia and skin were then closed with interrupted sutures, and the skin was disinfected again with the povidone-iodine solution. Postoperative antibiotic prophylaxis was administered (penicillin, 25,000 IU/kg/d) for 3 days. Ketorolac was injected intramuscularly (1 mg/ kg/d) for 3 days to relieve pain.
Low-Intensity Pulsed US Treatment
The rats were randomized into 2 groups with 5 rats included in each group. Group A was treated with lowintensity pulsed US, whereas group B was the control group and received the same low-intensity pulsed US device for the same duration and number of days, but with no power. Low-intensity pulsed US treatment started on the third day after the operation. Rats in the low-intensity pulsed US treatment group were treated for 5 d/wk (20 min/d) for 4 weeks with an Exogen 4000 device (Bioventus, Inc, Piscataway, NJ). The specifications of the device were as follows: 1.5-MHz pulse frequency, 200-microsecond pulse duration, 1.0-kHz repetition rate, and 30 6 5.0-mW/cm 2 spatial averagetemporal average incident intensity. The low-intensity pulsed US transducer head was centered over the surgical site. Coupling gel was carefully smeared to ensure contact between the transducer head and skin. The Exogen 4000 device was calibrated with internal diagnostic software and a built-in gel-sensing circuit to monitor the device within the above acoustic specifications.
Radiographic Evaluation
Direct lateral and anteroposterior radiographic images of the animals were obtained at day 2 and 4 weeks after surgery to confirm the compression fracture and evaluate the healing status.
Micro-Computed Tomographic Scanning
Fracture sites of the vertebrae were imaged with a SkyScan 1176 micro-CT scanner (Bruker Corporation, Billerica, MA). Micro-computed tomography (CT) was performed in the axial plane to evaluate the healing status of the traumatic vertebral fracture. Transverse scans were initiated at the L3 vertebral body and continued to the pelvis in 9-lm sections. Microstructural indices were measured with CTVox and DataViewer (Bruker Corporation). We calculated the bone volume/tissue volume ratio, trabecular thickness, trabecular number, and trabecular separation to evaluate the fusion status.
Histologic Evaluation
The vertebrae with surrounding soft tissues were dissected without removing the periosteum and then fixed in 4% paraformaldehyde in phosphate-buffered saline solution at 4 8C for 24 hours. Then, the specimens were decalcified in 5% nitric acid for 72 hours, then washed with distilled water, and embedded in paraffin. Transverse sections (5 lm) were obtained from the midline of the transverse process area. Hematoxylineosin staining was applied. Slides were assessed under a light microscope.
Immunohistochemistry
The expression of osterix, CD31, and Emcn was determined to evaluate osteogenesis and angiogenesis. The sections of the vertebrae were preincubated with 0.3% hydrogen peroxide in phosphate-buffered saline for 10 minutes to inactivate the endogenous peroxidase and blocked in 5% bovine serum albumin for 2 hours. Then the specimens were incubated with goat polyclonal osterix, CD31, and Emcn primary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) at a concentration of 1:200 at 4 8C overnight. Then the specimens were incubated with a fluorescein isothiocyanate-conjugated bovine antigoat secondary antibody (Santa Cruz Biotechnology) at a concentration of 1:500 for 2 hours. An Eclipse 80i fluorescence microscope (Olympus Optical, Tokyo, Japan) was used to examine the sections. ImageJ (National Institutes of Health, Bethesda, MD) calculated the density of osterix-positive areas. Osteoblasts were expressed as (quantity of osteoblasts/bone surface area) 3 100%. Microvessel densities were obtained in 3 different sections by quantifying the mean of 4 random fields. The mean densities of microvessels were calculated as (CD31/Emcn-positive area/total image area) 3 100%. ImageJ was used to quantify the CD31/Emcn-positive areas.
Statistical Analyses SPSS version 16.0 software (IBM Corporation, Armonk, NY) was used for statistical analyses. A v 2 test analyzed differences in the fracture-healing status between the low-intensity pulsed US and control groups. Micro-CT and histomorphometric data were expressed as mean 6 standard deviation. The density of type H microvessels in the fracture-healing sites was compared by a 1-way analysis of variance for repeated measurements. A t test analyzed differences in osteoblast numbers between the control and low-intensity pulsed US treatment groups. P < .05 was considered statistically significant.
Results
All animals survived until they were euthanized.
Radiographic Evaluation
A radiographic analysis was performed to confirm the traumatic vertebral fracture and evaluate the fracturehealing status of each specimen. At day 2 after surgery, a visible radiographic compression fracture was found in each rat (Figure 1, C and D) . At 4 weeks after surgery, the trabecular meshwork clearly improved in the fracture sites, with fracture lines absent in the low-intensity pulsed US treatment group. In contrast, fracture lines were observed slightly and in the control group.
Micro-CT Scanning and 3-Dimensional Reconstruction At 4 weeks after surgery, Micro-CT images showed a well-remodeled trabecular meshwork and transverse process at the fracture sites of the low-intensity pulsed US treatment group (Figure 2, A-D) . Conversely, the trabecular meshwork and transverse process were still disorganized, and there were visible fracture lines in the control group (Figure 2, E and F) . A complete and well-healed transverse process of the L4 vertebra was shown in the representative 3-dimensional (3D) images (Figure 3 , A, C, and E), whereas clear fractures were still visible in the control group (Figure 3, B, D, and F) . A quantitative analysis (Table 1) showed that the bone surface (BS) density/tissue volume ratio, trabecular number, trabecular thickness, and trabecular separation were significantly higher in the low-intensity pulsed US treatment group compared to the control group, indicating that more micro-bone architectures formed during repair in the low-intensity pulsed US treatment group.
Histologic Evaluation
At 4 weeks after surgery, abundant chondrocytes, a newly formed bone marrow cavity, trabeculae, and microvessels formed in the fracture sites of the lowintensity pulsed US treatment group compared to the control group. The newly formed microvessels were found in the fibrous tissue and bone marrow. Fracturehealing areas were fully invaded by newly formed bone tissue intertwined with microvessels in the low-intensity pulsed US treatment group (Figure 4 , C and D), whereas there was much less bone tissue in the control group (Figure 4, A and B) .
Increased Osteoblasts in the Low-Intensity Pulsed US Treatment Group
In addition to chondrocytes, many osteoblasts were found in the fracture-healing sites circling the newly formed bone meshwork and residing around the interface of chondrocytes. There were more osterixpositive osteoblasts around the bone trabecula in the low-intensity pulsed US treatment group ( Figure 5 , C and D) compared to the control group (23.34% 6 0.95% versus 9.98% 6 0.66%, respectively; P < .01; Figure 5 , A and B).
Increased Type H Microvessels in the Low-Intensity Pulsed US Treatment Group At 4 weeks after surgery, both CD31 hi and Emcn hi microvessels were present in the low-intensity pulsed US treatment and control groups ( Figures 6 and 7 ), which were spreading around the newly formed trabecula, bone marrow, and interface of chondrocytes. A morphometric analysis confirmed that the densities of CD31 hi and Emcn hi microvessels were greater in the low-intensity pulsed US treatment group compared to the control group (Figures 6 and 7) . At 4 weeks after surgery, mean CD31 hi microvessel densities in the low-intensity pulsed US treatment and control groups were 6.98% 6 0.59% and 2.19 6 0.14%, respectively (P < .01), and mean Emcn hi microvessel densities in the low-intensity pulsed US treatment and control groups were 6.55% 6 1.59% and 3.10% 6 0.75% (P < .05).
Discussion
Our study demonstrates that low-intensity pulsed US could promote traumatic vertebral fracture healing in rats. Chondrogenesis and osteoblast-induced osteogenesis were the main histologic findings in the fracturehealing process, which was coupled with spatial angiogenesis of type H microvessels.
As a form of mechanical energy, US transmits into the body without thermal effects. Low-intensity pulsed US has been approved by the Food and Drug Administration in the United States for the treatment of new long-bone fractures. Nolte et al 15 demonstrated that the healing rate for metatarsal fractures in patients treated with low-intensity pulsed US was significantly faster than the healing rate for matched patients who were not treated. Liu et al 16 found that low-intensity pulsed US could promote fracture healing of the distal radius and promote local bone formation. Patel et al 17 investigated the effects of lowintensity pulsed US on the healing of mandibular . Fracture healing sites in the control (A and B) and low-intensity pulsed US (LIPUS; C and D) groups. At 4 weeks after surgery, fracture healing sites in the low-intensity pulsed US and control groups were composed of numerous chondrocytes (blue arrows), a newly formed marrow cavity (red arrows), bone trabeculae, and newly formed microvessels (black arrows). Scale bars indicate 600 lm (A and C) and 100 lm (B and D).
fractures, and they found a significant improvement in radiographic density in the low-intensity pulsed US treatment group compared to the control group. Lowintensity pulsed US has been universally accepted for limb and facial bone fractures, and its clinical effect is remarkable. However, the use of low-intensity pulsed US for traumatic vertebral fractures is still in a vacuum. In our study, a remodeled trabecular meshwork was observed at fracture sites in the low-intensity pulsed US treatment group, whereas the control group had a disorganized trabecular meshwork and visible fracture lines on the radiographic evaluation. In animal studies, low-intensity pulsed US was shown to promote fracture healing significantly. 18 The main histologic changes include increased cartilage tissue, newly formed bone marrow, and bone trabeculae. Similarly, we also observed these findings in our study, suggesting that low-intensity pulsed US could promote the traumatic vertebral fracture-healing process. Lowintensity pulsed US has been found to produce a hi microvessels (blue arrows) were present in the low-intensity pulsed US (LIPUS) treatment group (C and D) than in the control group (A and B). CD31 hi microvessels were spreading around newly formed bone marrow, bone trabeculae (red arrows), and interface of chondrocytes. Osteoblasts spread and circled the type H microvessels. Scale bars indicate 600 lm (A and C) and 100 lm (B and D).
transdermal physical force that may stimulate osteoblast delivery to bone defects and directly affect osteogenic cells in vitro. 19, 20 Veronick et al 21 found that as the lowintensity pulsed US amplitude increased, the spatial intensity of bone increased as well, and there were more osteoblasts in the low-intensity pulsed US-treated area. In our study, a larger quantity of osteoblasts was found in the traumatic vertebral fracture sites, and there were significantly more osteoblasts and newly formed bone marrow in the low-intensity pulsed US treatment group compared to the control group. Xu et al 22 found that low-intensity pulsed US greatly increased the density of type H microvessels in a spinal fusion rat model. Nazer et al 23 demonstrated that the density of CD31 hi microvessels was significantly higher with therapeutic US compared to sham treatment in a peripheral arterial disease rat model. Our experiment also found that the density of type H microvessels was higher in the low-intensity pulsed US treatment group, and type H microvessels were spreading around newly formed bone marrow, bone trabeculae, and the interface of chondrocytes.
Previous studies showed that microvessels had a substantial role in osteogenesis, ensuring an adequate supply of oxygen and carrying growth factors and stem cells that promote the osteogenic process. Stem cells can proliferate and differentiate into either chondrocytes or osteoblasts depending on the supply of microvessels. 24 Kusumbe et al 12 reported that a decrease in CD31 hi , Emcn hi endothelial cells was associated with decreased osteoporotic changes and osteogenic activity. Cui et al 25 found that halofuginone could inhibit type H microvessels from forming in subchondral bone, accompanied by a decreased tibial subchondral bone tissue volume and trabecular pattern factor. Consistent with our study, the density of type H microvessels increased with the presence of osteoblasts during traumatic vertebral fracture healing, and the density of type H microvessels was greater in the low-intensity pulsed US treatment group compared to the control group. Shea et al 26 reported that during fracture healing, mesenchymal stem cells proliferated and differentiated into the osteogenic or chondrogenic cell lineage. In our study, chondrogenesis and osteoblast-induced osteogenesis were the main histologic findings of the fracture-healing process. Dimitriou et al 24 reported that angiogenesis occurred during fracture healing, and this process was a prerequisite for further regeneration cascades. At 4 weeks after surgery, we found that low-intensity pulsed US promoted traumatic vertebral fracture healing through coupled proliferation of type H microvessels, and type H microvessels may play a major role in fracture healing.
A previous study found that the Notch pathway could positively regulate angiogenesis, promoting the proliferation of type H microvessels and thus promoting osteogenesis 27 ; the Notch signaling pathway is a major determinant of vascular expansion through sprouting angiogenesis. 28 Whether Notch couples angiogenesis with osteogenesis in traumatic vertebral fracture remains Figure 7 . Immunohistochemical staining for Emcn and type H microvessels in compression fracture fusion sites. More Emcn hi microvessels (blue arrows) were present in the low-intensity pulsed US (LIPUS) treatment group (C and D) than in the control group (A and B). Emcn hi microvessels were spreading around newly formed bone marrow, bone trabeculae (red arrows), and the interface of chondrocytes. Osteoblasts spread and circled the type H microvessels. Scale bars indicate 600 lm (A and C) and 100 lm (B and D).
unknown. Further studies are required, and we plan to make deeper inquiries.
There were several limitations to our study. First, the spine of the rat model had a volume limit, which made it difficult to measure the fracture-healing mass accurately. However, 3D CT was applied, and it was effective in evaluating the spine-healing status. Second, the underlying role of type H microvessels in osteogenesis was not fully investigated, as there is no current way to block or knock out type H microvessels.
In conclusion, our results showed that lowintensity pulsed US accelerated traumatic vertebral fracture healing by temporally and spatially increasing chondrogenesis and osteoblast-induced osteogenesis coupled with angiogenesis of type H microvessels in a rat model of traumatic vertebral fracture. Lowintensity pulsed US holds promise for the treatment of the traumatic vertebral fractures. Further studies are required to explore the mechanism of the type H microvessel distribution that is related to osteoblasts and chondrocytes.
